Objectives. The aim of this study is to investigate depth dependent changes of polymerization process and kinetics of visible light-curing (VLC) dental composites in real-time. The measured quantity -"ion viscosity" determined by dielectric analysis (DEA) -provides the depth dependent reaction rate which is correlated to the light intensity available in the corresponding depths derived from light transmission measurements. Methods. The ion viscosity curves of two composites (VOCO Arabesk Top and Grandio) were determined during irradiation of 40 s with a light-curing unit (LCU) in specimen depths of 0.5/0.75/1.0/1.25/1.5/1.75 and 2.0 mm using a dielectric cure analyzer (NETZSCH DEA 231 with Mini IDEX sensors). The thickness dependent light transmission was measured by irradiation composite specimens of various thicknesses on top of a radiometer setup. Results. The shape of the ion viscosity curves depends strongly on the specimen thickness above the sensor. All curves exhibit a range of linear time dependency of the ion viscosity after a certain initiation time. The determined initiation times, the slopes of the linear part of the curves, and the ion viscosities at the end of the irradiation differ significantly with depth within the specimen. The slopes of the ion viscosity curves as well as the light intensity values decrease with depth and fit to the Lambert-Beer law. The corresponding attenuation coefficients are determined for Arabesk Top OA2 to 1.39 mm -1 and 1.48 mm -1 , respectively, and for Grandio OA2 with 1.17 and 1.39 mm -1 , respectively. For thicknesses exceeding 1.5 mm a change in polymerization behavior is observed as the ion viscosity increases subsequent to the linear range indicating some kind of reaction acceleration.
Introduction
An important issue in visible light-curing (VLC) composites development and research as well as in photo-chemistry in general is the question: How fast do composites cure, and how deep are they properly cured [1] [2] [3] [4] [5] [6] ? Since the development of VLC dental restoratives numerous studies have investigated the curing kinetics [7] [8] [9] [10] [11] , the degree of cure (DC) [11] [12] [13] [14] and the depth of cure (DC) [14] [15] [16] [17] [18] [19] [20] [21] . In order to get a better understanding of the curing process and its dependency on curing parameters such as curing time, light intensity, resin formulation, initiator system etc., various test methods have been applied in real time curing investigations. The most common techniques determine the curing-enthalpy via Differential Scanning Calorimetry (DSC) [7, [22] [23] [24] , the DC via Fourier Transformed Infrared Spectroscopy (FTIR) [3, 4, [12] [13] [14] , the shrinkage strain via dilatometric devices (e.g. bonded-disk method) [9] [10] [11] [12] 25] , the shrinkage stress via stress-analyzer [13, 26, 27] and light transmission via radiometer [6, 8, 28] . This time-dependent data is the base for kinetic modeling of the polymerization and curing processes.
Another method to monitor the curing behavior of resins is the dielectric analysis (DEA) which is widely used in composites manufacturing in the aircraft industry [29] [30] [31] [32] [33] [34] , but hardly established in dental science. In some cases it has been applied for the frequency dependent evaluation of dielectric properties in certain states of cure but without tracking the light-curing process itself in a suitable time-resolution [3, 35, 36] .
In previous studies the authors have introduced a DEA setup allowing for analyzing the light-curing process of dental composites at high time resolution [28, 37, 38] . It has been shown that the ion viscosity is suitable to characterize the influence of resin compositions as well as curing conditions on the polymerization process of VLC composites. For many VLC composites the ion viscosity data shows a linear time dependency, and thus it is feasible to derive kinetic parameters [39] .
Thus, in the present study the DEA is employed to investigate the curing behavior of a micro-hybrid and a nano-hybrid composite with respect to the depth within the samples. The hypothesis of this study is that in a VLC dental composite the polymerization and curing process changes significantly with increasing depth in the specimen and as a consequence the corresponding resin structure.
Materials and methods
For this study two VLC dental resin composites (Voco GmbH, Cuxhaven, Germany) with the initiator camphorquinone (CQ) were used varying significantly in composition (Table 1) . (In the text to the composites is referred as Arabesk or Grandio.)
DEA curing measurements
The DEA-measurements were performed with a DiElectric cure Analyser (DEA 231/1 Epsilon, Netzsch-Gerätebau, Selb, Germany) using a measuring frequency of 1000 Hz. Fig. 1 shows the experimental setup using a sensor (Mini IDEX, Netzsch-Gerätebau) consisting of two comb-shaped interdigit electrodes (0.1mm distance) on an insulating polyimide film. The sensor area of 5 mm x 7 mm fits well to the light guide tip cross-section (8 mm in diameter) of the light-curing unit (LCU) affirming a homogeneous irradiation of the investigated specimen sensor interface. According to the manufacturer the penetration depth of the alternating electric field of the DEA sensor corresponds to the distance of the electrodes [34] . Therefore, the curing process was mainly investigated in the bottom layer at the interface to the sensor area having a thickness of approximately 150 μm. This allowed for a stepwise thickness dependent curing monitoring of the polymerization and curing behavior within a sample.
The VLC composite specimen was put on the sensor surface and pressed with a microscope glass slide of 1 mm thickness to the desired layer thickness adjusted by the height of supporting glass slides. In this study both materials were investigated with sample thicknesses ranging from 0.5 mm up to 2.0 mm in (0.25 ± 0.05) mm steps at room temperature. All specimens were irradiated for 40 s with a LED LCU (Celalux, VOCO, Cuxhaven, Germany) having an irradiance of 880 ± 50 mW/cm 2 . The samples were constraint at the bottom by the sensor surface and at the top by the microscope slide but not laterally. For each depth, typically three samples (n = 3) were measured.
In the evaluation the following characteristic quantities with standard deviations were determined for each measured DEA-curve:
 the initial ion viscosity ̅ (average value of 3 s prior to light-curing);  the slope of the ion viscosity curve ̇ in the linear region directly after initiation determined in the DEA-curve range where a linear fit exceeds R 2 = 0.99);
 the average ion viscosity ̅ in the time period of 37-40 s of light curing (3 s before the switch off of the LCU);  time t min at which the ion viscosity reaches the minimum after irradiation;  initiation time t init at which the ion viscosity exceeds the initial viscosity ̅ . 
Light transmission measurements
The light intensity within a sample decreases from the top to the bottom due to absorption. Therefore, the concentration of activated initiator molecules should decrease in the same manner as the light intensity. If the slope of the ion viscosity represents the initial curing rate, it has to be proportional to the concentration of activated initiator molecules which depends on the available light intensity. In order to correlate depth dependent initial curing rates and light-intensities, light transmission measurements were performed using an analog radiometer (Optilux Radiometer Model 100, SDS Kerr; Donbury, CT, USA).
The VLC composite specimen was pressed between two microscope glass slides (1 mm thickness) to specimens of 16 different layer thicknesses varying between 0.2 and 3.0 mm (±0.05 mm). After curing for three samples (n = 3) of each thickness, the intensity of the transmitted light was measured with the radiometer at room temperature in the same manner as in the DEA experiments (40 s with LED LCU) and fitted with the Beer-Lambert law [40] . These fits were correlated with the thickness dependent slopes of the ion viscosity in the linear region. The experimental setup of the light transmission measurements was corresponding to Fig. 1 where the DEA sensor holding support is substituted by the radiometer covered with a supporting glass.
Statistical analysis
A Neumann sled test was used to check the depth dependent behavior of the characteristic quantities as the average ion viscosity ̅ and the standard deviation of Grandio showed some unclarity ( Table   2 ). Initial ion viscosity, ̅ , (MΩ cm) 161 (10) 162 (4) 171 (4) 184 (10) 198 (19) 185 (7) 196 (9) Slope of the linear range, ̇ , (MΩ cm/s) 460 (33) 295 (46) 218 (9) 164 (10) 131 (13) 66 (6) 58 ( (4) 76 (3) 88 (7) 90 (7) 98 (9) 103 (2) 95 (6) Slope of the linear range, ̅ (MΩ cm/s) 236 (22) 177 (15) 155 (22) 118 (11) 83 (15) 68 (4) 36 (7) Average ion viscosity between 37 and 
Results

DEA measurements
The time dependent ion viscosities during 40 s of irradiation are shown in Fig. 2 for different specimen layer depths (from 0.5 to 2.0mm in 0.5 mm steps to avoid figure crowding) for Arabesk and Grandio. Each curve represents the mean curve out of three measurements for each specimen thickness. The characteristic ion viscosity values are summarized in Table 2 .
Each composite exhibits a material specific initial ion viscosity ̅ of typically (180 ±15)MΩ cm (Arabesk) and (90 ± 10) MΩ cm (Grandio) in the uncured state as the average of Table 2 . At the beginning of the irradiation there is a decrease of the ion viscosity between 8 and 35% for Arabesk (Fig. 3a) and between 2 and 10% for Grandio (Fig. 3b) , respectively. After passing the minimum the ion viscosity increases strongly with a linear behavior during the first polymerization phase (highlighted data points in Fig. 2 ). The ion viscosity increase was found to be depth dependent during the 40 s of irradiation by a factor of 15-40 for Arabesk and by a factor of 15-60 for Grandio with respect to the initial ion viscosity ̅ .
In the initiation phase ( Fig. 3a and b ) the ion viscosity drop is more pronounced with increasing specimen depth, and it lasts longer to reach the initial value again. The characteristic times of the initiation process (times of the minimum ion viscosity t min and the initiation times t init ) are longer for Arabesk than for Grandio (Table 3) , typically by a factor 1.4-2. With increasing depth the initiation phase is extended. In a depth of 2 mm it lasts about five times longer than in a depth of 0.5 mm.
After the initiation process the ion viscosity increases linearly (Fig. 2) . The thicker the specimens the longer the linear ranges of the ion viscosity curves and the curing times became. The slopes of the ion viscosities ̇ decreased correspondingly (Table 2 ).
Subsequent to the linear time dependency the increase flattens, indicating that further curing reactions need significantly more time (Fig. 2) . However, the time dependent behavior of the ion viscosity changes from a degressive to a progressive slope tendency if the depth exceeds 1.5 mm, and then it turns back to a degressive one as the primary curing reaction terminates (Fig. 2) . Thus, the curing reaction is accelerated after some curing time if the light intensity drops below 10% of its initial value (Table 4) . With increasing specimen thickness, the ion viscosity reaches lower values at the end of the irradiation (5) 73 (6) 67 (6) 53 (6) 42 (3) 32 (3) 18 (3) 13 (3) 7 (3) 4 (1) 103 (6) 90 (5) 78 (3) 68 (3) 53 (3) 38 (3) 27 (3) 20 (0) 10 (0) 5 (0) time. The average value of the ion viscosity over the last 3 s of irradiation ̅ decreases for Arabesk from (6.64 ± 0.42) GΩ cm (0.5 mm thickness) to (2.98 ± 0.07) GΩ cm (2 mm thickness), and for Grandio from (4.75 ± 0.63) GΩ cm (0.5 mm thickness) to (1.46 ± 0.22) GΩ cm (2 mm thickness) ( Table 2 ).
Slopes of the ion viscosity ̇
and the irradiation intensities are represented in Table 4 Fitting the depth dependent mean values of ̇ with the Lambert-Beer-law yields an attenuation coefficient γ of 1.39 mm -1 (R 2 = 0.98) for Arabesk and 1.16 mm -1 (R 2 = 0.96) and Grandio, respectively (Table 5) . These attenuation coefficients correspond to absorption depths d a of 0.72 mm for Arabesk and 0.86 mm for Grandio.
The light intensity is reduced by 95% if the specimen thickness is the threefold value of the absorption length. Under the assumption that the maximum curing depth d0 corresponds to d 0 = 3 * d a one can determine maximum curing depths of (2.17 ± 0.13) mm for Arabesk and (2.59 ± 0.24) mm for Grandio.
The slopes of the ion viscosities for Arabesk are twice higher than those of Grandio. As the DEA is sensitive to the ion concentration in a certain volume, this result might be attributed to the fact that Arabesk contains the double amount of resin (assuming the resins to have similar initial ion concentrations).
Light transmission measurements
The depth dependent light intensity fits to the Beer-Lambert law although it is clear that multiple scattering is not taken into account. The attenuation coefficients of 1.53 mm -1 (R 2 = 0.99) for Arabesk and 1.39 mm -1 (R 2 = 0.99) for Grandio are somewhat larger than those found for the slopes of the ion viscosity in the linear range of the DEA measurements resulting in slightly smaller absorption and maximum curing depths ( Table 6 ).
The intensity of the Celalux LCU measured through two supporting glass slides, was 780mW/cm 2 . The extrapolated intensities in the sample surface were (301 ± 27) mW/cm 2 for Arabesk and (317 ± 6) mW/cm 2 for Grandio, indicating that more than one half of the introduced intensity is reflected at the surface. This is in line with findings of other researchers [41] . 
Discussion
The initial ion viscosity differs between the two investigated materials. Due to the different composition of the materials varying amounts of ions and their material-specific mobility are available. Zahouily et al. [34] stated that the ion viscosities directly correlate with ion concentration and ion mobility of a sample. However, the DEA measurements yields reproducible initial ion viscosity values for a given resin (Table 2 ). Thus, it allows for distinguishing among various resins as well as modifications of a composition.
The curing time of VLC composites is an important parameter for clinical applications including conditions of the restoration [1, 16, 42] . The initiation time before the start of the polymerization is a quantity characterizing the delay of the reactivity of such resin composites. The initiation times determined in this study depend on composites type, resin content and the depth within the sample. In a depth of 2 mm the start of the polymerization process is delayed significantly (Table 3) . Neumann tests confirm the depth dependency of t min and t init for both materials with the p-value p<0.01. The characteristic times t min and t init are affected by at least three processes.
1. Daylight stabilizers and inhibitors, e.g. buthylated hydroxyl toluene (BHT), must react in the initiation process prior to the start of polymerization [43] . 2. Temperature rise in the specimen due to photo-thermal effect and exothermal reactions reducing the resin viscosity, and consequently the ion viscosity [32] . 3. New ions are temporarily generated during the light initiation process when initiator and accelerator molecules are transferred to ion radicals [15, 44] . These ion radicals also contribute to the ion viscosity decrease within the initiation phase. Due to the decreasing light intensity this process has to be depth dependent.
The starting polymerization increases the ion viscosity [34] and compensates the initiation effects. As a consequence the ion viscosity reaches a minimum. The linear increase of the ion viscosity after the initiation phase shows that the curing reaction reaches a steady state. According to Ferry [45] , the (melt) viscosity of low molecular weight polymers depends linearly on molecular weight M until a critical degree of polymerization. Above this critical degree of polymerization, the viscosity increases with M 3,4 . Simultaneously, the polymerization process slows down due to a significant viscosity increase enhanced by gelation and cross-linking, respectively [39, 46] .
The duration of the linear time dependency of the ion viscosity increases and the reaction rate decreases for depths up to 1.5 mm. At depths exceeding 1.5 mm the light intensity is attenuated to one tenth or less. Now the ion viscosity shows an increase after the linear range, indicating an acceleration of the curing process for a certain time interval (Fig. 2 , curves for 2 mm depth). The change of the time dependency of the ion viscosity with depth is shown schematically in Fig. 4 .
The results can be understood if one assumes that CQ photo initiator and amine accelerator are homogeneously distributed in the resin. Then a mean distance between the molecules allows for to divide the resin into elementary volumes whose size depends on the concentration of the CQ or amine molecules, respectively. As the light intensity decreases exponentially within the specimen, the concentrations of CQ and amine radicals decrease accordingly. The available resin volume for a single radical consists of more CQelementary volumes with increasing depth. This leads to a model in which the depth dependent curing behavior can be explained by three layers with different curing kinetics ( Fig.  5 ):
(1) The top layer is irradiated with a very high light intensity leading to an instantaneous and a very high concentration of CQ and accelerator ion radicals. The concentration of radicals can be considered to be constant and time independent. The mean distance between them is very small and only few polymerization steps are necessary to reach the boundaries of the elementary volumes where cross-linking starts.
(2) In the intermediate layer, the light intensity is that reduced that the generation of CQ and amine radicals becomes slightly time dependent, but the initial concentration of radicals is still high. This leads to decreasing reaction rate of the firstly generated radicals, which is compensated by newly generated radicals. Consequently, a linear increase of the ion viscosity in relatively large range of curing time is obtained. (3) In the bottom layer the light intensity is reduced to less than 10% of the initial value. The generation rate of radicals is small, and therefore the radical concentration increases with time. The polymerization heat of the ongoing reaction and the heat from the LCU contribute to the temperature increase of the sample. The continuous radical generation together with the temperature increase leads to an enhanced reaction rate. The available volumes of the radicals become much larger than the elementary volumes of CQ and amine molecules. Therefore, the phase of undisturbed chain growth (UCG) lasts significantly longer on average although there are furtherly generated some few radicals. These further radicals together with the immobilization of the already long grown chains may be responsible for the observed acceleration of the reaction rate. The determined light attenuation results (Tables 5 and 6 ) agree with DoC investigations from the literature [16, 42] . The correlation of the attenuation coefficients extracted from the slope of the linear part of the ion viscosity curves with those of the light transmission measurements yield similar values for Arabesk and slightly different values for Grandio.
Finally, one can say that the time dependent ion viscosity allows for to measure the depth dependent curing behavior of dental composite resins and its kinetics. It shows that the curing processes change and differ significantly with depth. In that respect the first part of the hypothesis was verified. The second part of the hypothesis "Different resin structures are caused by changing curing processes." will be shown in another paper.
Conclusions
The ion viscosities and thus the reaction kinetics change significantly with the distance from the surface. This means that the thicker the layer of VLC dental resin composites become the more irradiation time is required to cure the dental resin to the maximum DC. Ion viscosity measurements allow for easily determining the required irradiation times quantitatively. The reaction rates decrease exponentially in a LAMBERT-BEER manner with depth also allowing for the determination of the absorption depth. With the help of the absorption depth a proper definition of the "depth of cure" becomes possible as the three fold of the absorption depth where the light intensity is attenuated to 5% of its initial value. The linear increase of ion viscosity with time justifies the assumption of the kinetics model of the curing process that a remarkable amount of the CQ is "instantaneously" activated in this layer [39] . It indicates the existence of an undisturbed chain growth (UCG) during the first seconds of the polymerization until the polymer chains reach a length that either allows for cross-linking with neighboring chains or transition to the glassy state. For layer thicknesses exceeding 1.5 mm the time dependency of the ion viscosity shows a progressive section subsequent to the linear range. This means that the activation rate of CQ molecules has become very low and time dependent with the consequence that the curing mechanism is changing significantly. If polymerization and cross-linking happen according to the model proposed in Fig. 5 , the molecular structure of the dental resin in the top layer corresponds to a thermoset as polymerization starts from many radicals with a high reaction rate. Cross-linking may already occur in the early stages of polymerization if neighboring macromolecules begin to interpenetrate. In the bottom layer only few radicals are generated and the macromolecules have to become very long before they can interpenetrate and allow for cross-linking. However, if the length of the macromolecules increases, the molecules pass over into the glassy state. Their molecular mobility decreases significantly and as a consequence also the reaction rate. This may happen before cross-linkingbecomes possible. Therefore, the molecular configuration in the bottom layer corresponds rather to a thermoplastic structure. This should lead to depth dependent differences of the swelling and solution behavior of dental resins which is investigated at the moment).
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